Light management has gained wide interest for various types of solar cells. This paper reviews the application of nanostructures for light management to chalcopyrite (CIGSe) type solar cells.
Introduction
Global society is facing a growing demand for energy. With it come risks of global warming and limited amounts of fossil resources, which make it necessary to exploit renewable energy sources on a grand scale. Photovoltaics, the direct conversion of sunlight into electricity, offers great potential for exploiting the largest renewable energy source we have -the sun. The key challenge in photovoltaics is finding technology that provides high conversion efficiency at a low cost. In addition, in the long term there is the important concern of the availability and cost of rare materials, especially when it comes to large terawatt installations. Thin film solar cells are a promising alternative to bulk silicon wafer-based devices, as they allow to reduce material consumption and manufacturing cost and additionally enhance flexibility for rollto-roll production on bendable substrates. Amongst the thin film technologies, perovskites have recently emerged as a very promising high efficiency material reaching well beyond 20%, yet they remain subject to challenges in stability. Kesterites offer benefits of containing non-toxic, abundant and cheap materials although the efficiencies achieved up to now stayed below 15%. Chalcopyrites, in particular Cu(In,Ga)Se2 (CIGSe), being investigated for several decades already, have proven particularly successful with a steady increase in stabilized record efficiency, recently reaching 22.6% [1] . Not just is CIGSe a direct band gap material but it also offers excellent electronic properties and high tolerance against environmental influences like varying illumination intensity or even cosmic radiation [2] . An additional short energy payback time makes CIGSe solar cells predestined for large scale deployment -yet the scarcity and supply risk of contained elements indium and gallium [3] may become a limiting factor for production on the terawatt scale. Therefore, continued minimization of absorber thickness is desirable, simultaneously bringing further reduction in material cost and increased production throughput. With a thinner absorber comes however the challenge of incomplete light absorption which can be tackled by applying nano-optical concepts for light localization inside the absorber layer, thus enhancing absorption. Although numerous publications exist showing the application of nanostructured designs to amorphous and microcrystalline silicon, organic and dye-sensitized solar cells, the topic has only recently started to attract significant attention in the field of CIGSe. A direct transfer of previously investigated structures to CIGSe is not always straight forward due to the differences of CIGSe solar cell structure and fabrication technologies as compared to other devices [4] . This paper reviews the current status of applying nanostructures for light management in CIGSe solar cells. Section 2 is devoted to investigating the need for light management in CIGSe and opposes macroscopic approaches to nano-optical concepts. The following section 3 summarizes the technologies for CIGSe solar cell and nanoparticle fabrication since this background will reveal us the requirements for combined production processes. The section also includes a review on the development of ultra-thin CIGSe solar cells which are a basis for the exploitation of nanooptical concepts. In section 4 the various approaches of nanostructures for absorption enhancement of ultra-thin chalcopyrite solar cells are assembled from literature. They range from intrinsic texturing over metallic nanoparticles to dielectric nanostructures and finally point contact schemes addressing electrical in addition to optical challenges. In future, nanostructures combining optical and electrical properties for improving the performance of ultra-thin CIGSe solar cells will gain increased importance.
Light management in CIGSe solar cells 2.1 Need for light management in CIGSe
As in every photovoltaic device the ambition of complete light absorption inside the absorber layer is hindered by losses in reflection, parasitic absorption of contact layers and transmission originating from incomplete absorption of the absorber itself. For CIGSe the reflection of the bare interface air/CIGSe would be 24% at a wavelength λ = 800 nm. By adding the standard front layer stack of CdS/i(ntrinsic)-ZnO/ZnO:Al with typical thicknesses of 100 nm/130 nm/240 nm the reflection can be reduced to 6% at λ = 800 nm. These and the following calculations were performed using the transfer matrix method and optical constants as derived from transmission/reflection measurements of realistic thin films [5] . Further reduction of reflection as well as of parasitic absorption can be achieved by layer thickness optimization and material adaptation which we will come back to in the next sub-section. For the typical CIGSe absorber thickness of 2-3 µm incomplete absorption generally doesn't pose any limitation in case of good material quality, yet if the thickness is reduced to below 1 µm significant losses occur. Then also imperfect reflection and parasitic absorption of the back contact, which is commonly made from Mo, start to play a major role. Fig. 1a shows the calculated absorption of a typical Mo/CIGSe/CdS/i-ZnO/ZnO:Al solar cell stack as a function of wavelength for various absorber thicknesses. (Details of the CIGSe solar cell structure will be discussed in sec. 3.1.) Clearly, for the thinner absorbers losses emerge which are most pronounced close to the band gap around 1200 nm and extend more and more towards shorter wavelengths as the thickness d decreases. The solid black line in Fig. 1b plots jSC(d) and reveals the decrease in short circuit current density with thickness reduction. Despite the observed strong drop, the ratio jSC/d actually keeps on increasing down to d = 50 nm as shown in Fig. 1c . This improvement of short circuit current density per thickness is the reason why thinner absorbers are favorable for material saving purposes. In order to overcome losses due to incomplete absorption, mechanisms to enhance the path length of light inside the absorber are required. Simulating a perfect reflector underneath the CIGSe layer leads to the red curve shown in Fig. 1b (d/8) revealing that in case of 8-fold enhancement of path length 99% of the absorption of a thick CIGSe layer can be reached with 200 nm CIGSe and still 91% are feasible for 100 nm thickness. Considering absorber fabrication processes which rarely allow to fall under 100 nm layer thickness, an up to 10-fold path length enhancement should be fairly sufficient. In addition to this rough estimation, detailed calculations for jSC enhancement as a function of optical path length inside CIGSe can be found in [6] .
Micro-/macroscopic concepts for light management
The basic losses occurring due to high front and poor back reflection as pointed out in the previous sub-section can in principle be approached by macro-/microscopic concepts. The front layers CdS/i-ZnO/ZnO:Al with refractive indices n = 2.29/1.93/1.78 at λ = 800 nm already provide a good refractive index gradient to reduce reflection losses from the absorber with n = 2.88 at λ = 800 nm as we have seen above. The addition of a MgF2 anti-reflection layer on top with n = 1.38 at λ = 800 nm further improves the slow gradual transition from air to absorber. In addition to choosing refractive indices of layers such that n of each intermediate layer corresponds approximately to the geometric average of the refractive indices of adjacent layers, the layer thicknesses may be adapted to fulfill the general λ/4n condition for minimizing reflection. As multiple reflections of the complete thin film stack need to be considered, this however turns out as a coupled optimization problem requiring to adjust all layer thicknesses simultaneously. Optimized values of layer thicknesses for the CdS/i-ZnO/ZnO:Al/MgF2 stack were given as d = 50/50/100/104 nm in [7] and as d = 65/50/90/120 nm in [8] , the latter one also optimizing subgap transmission of the -in this case CuGaSe2 top -cell. These values represent minimum layer thicknesses; for electrical reasons thicker layers may be preferable in order to avoid shunting (CdS, i-ZnO) and improve conductivity (ZnO:Al). In a trade off against losses we therefore usually chose d = 100/130/240 nm for the front contact layers (no MgF2) of ultra-thin devices which are prone to shunting through pinholes in the thin absorber. The influence of the ZnO as well as of the CIGSe thickness itself on the device reflection and absorption has also been studied by Xu et al. [9] and variations as a results of Fabry-Perot resonances were visualized. One result was that a 450 nm thick absorber may even perform better than a 500 nm thick one. The authors furthermore showed that front patterning will smoothen interferences and hence increase tolerance in thickness precision. Front texturing was also theoretically investigated by Campa et al. [10] and Dahan et al. [11] and identified to have potential benefits for reduced reflection, yet not as far as increased large angle scattering is concerned since the latter one rather increases parasitic absorption in the front contact layers due to the prolonged path lengths [10] . It was also shown that inserting a ZnO intermediate layer between CIGSe and the back contact (Mo or Ag) can significantly improve back reflection; this idea dates back to an earlier publication [12] but still remains questionable from an experimental point of view. A back contact made from a transparent conductive oxide (TCO) and an excellent back reflector at the rear of the glass substrate may be preferable to maintain the electrical performance. Replacing the poorly reflective Mo back contact by alternative materials has been investigated by several groups. W, Ta and Nb were identified as alternative back contacts with improved reflectivity by Orgassa et al. and a solar cell efficiency surpassing the one on Mo back contact by 0.4% absolute was shown for W [13] . In contrast, despite their promising reflectivity Ti, V, Cr and Mn were found to deteriorate the solar cell performance due to their reactivity with Se during the absorber growth process. Fig. 2a summarizes calculated reflectivity and absorption losses expressed in current densities for Mo, W, Ta, Nb and Ag. Malmström et al. [12] investigated TiN as alternative back contact and also experimentally proved an enhancement in EQE (external quantum efficiency) corresponding to 0.8 mA/cm 2 . Highly reflective metals like Au and Ag would be most favorable to replace Mo from an optical point of view but pose challenges of diffusion into the absorber at the high CIGSe deposition temperatures. Dahan et al. [11] have proven the benefit of a Au back contact also experimentally by transferring the solar cell onto the Au substrate after growth. This method however remains limited to small solar cell sizes and for large scale applications alternatives have to be investigated. In fig. 2b the calculated absorption for an ultrathin (500 nm) CIGSe solar cell with anti-reflection coating, Au back contact and additionally CdS replaced by higher band-gap ZnS is shown. [11] , with the permission of AIP Publishing.).
Nanoscopic concepts for light management
Despite the improvement macroscopic approaches for light management can offer, they remain limited by geometrical optics. To further enhance light coupling and localization inside the absorber layer, nanooptical concepts are favored. The underlying three major mechanisms as introduced by Atwater & Polman [14] and summarized in fig. 3 are: a) nanoparticles rescatter absorbed light under a variety of angles including in particular large angles surpassing the angle of total reflection which can thus lead to light trapping inside a thin layer; b) in the immediate vicinity of the nanoparticles light is localized and the enhanced field strength can contribute to absorption enhancement if the absorber is in close contact with the nanoparticles; c) regularly arranged nanoparticles can couple light into waveguide modes and hence redirect normally incident light into the horizontal direction, i.e. inside the solar cell layers. fig. 4a a Ag nanoparticle (Ag refractive index data from Palik [15] ) with radius r = 75 nm in air and on a ZnO:Al interface is investigated. Light is always incident from top and an individual nanoparticle is simulated using the finiteelement package JCMsuite [16] with perfectly matched layer (PML) boundary conditions. At the resonance in scattering occurring at 480 nm wavelength, the electric near field depicted in the center picture clearly reveals localization at the interface. This observation correlates well with the favored forwards scattering observed in the far field, see the angular scattering distribution given in the right picture. Asides the pronounced forwards directivity the angular scattering distribution also reveals side lobes leading to light propagation under large angles with respect to the normal. Metallic nanoparticles on top of a CIGSe solar cell are therefore expected to scatter light towards the thin film stack and direct it into large angles. Yet, the large angular distribution will have diminished once reaching the absorber layer and in addition parasitic absorption of front contact layers and of the metallic nanoparticles themselves occur. Therefore, an integration at the rear of the absorber and in its close vicinity may be favored. Fig. 4b exemplarily investigates the same Ag nanoparticle in CIGSe and at the interface to SnO2:F as an alternative transparent back contact. The dominating scattering resonance in the visible occurring at λ = 820 nm is now the quadrupole resonance -compare the near field picture -and is a result of resonance red-shifting in higher index surrounding. The electric field remains dominantly confined in CIGSe and the angular scattering distribution confirms the preferential scattering towards this higher refractive index material as it is typical for metallic nanoparticles. The quadrupole mode also brings a large variety of scattering angles and strong light trapping inside the absorber layer can be expected as the angle of total reflection is clearly surpassed. Despite this highly promising behavior of metallic nanoparticles at the rear of the CIGSe absorber, the experimental realization remains challenging due to Ag stability which we will come back to in sub-section 4.2. A promising alternative are dielectric nanoparticles since (in the case of inorganic materials) they are highly stable and additionally free from parasitic absorption. At the same time they can also show strong scattering [17] and fig. 4c gives the example of an r = 225 nm SiO2 nanoparticle (constant refractive index n = 1.46) in CIGSe and on the SnO2:F interface. The larger radius compared to the metallic nanoparticle had to be chosen to obtain the prominent scattering in the visible. In contrast to the Ag nanoparticle, the SiO2 nanoparticle reveals a strong forwards scattering even though the refractive index of the substrate is lower than that of the surrounding. The behavior is visible both from the electric near-field and the angular scattering distribution given for λ = 720 nm, the latter additionally revealing a reduced scattering into large angles. Here, disadvantages of dielectric nanoparticles can be seen since they are always characterized by strong forwards scattering. The missing large angle scattering can however be compensated by a periodic arrangement of the nanoparticles as shown in fig. 4d . The pitch is 1.25 times the nanoparticle diameter. A wavelength of 670 nm was chosen for the representation as it visualizes both the strong focusing behavior, which is typical for dielectric nanoparticles, together with the coupling into waveguide modes that may be deduced from the periodic high intensity field confinement in between the nanoparticles occurring in lateral direction. Periodically arranged dielectric nanostructures for absorption enhancement have initially been studied for Si solar cells [18] and various configurations reviewed in [19] . Asides Mie resonances also whispering gallery modes of dielectric particles have been investigated for light coupling into Si and GaAs solar cells [20] . Regarding the exploitation of plasmonic resonances for absorption enhancement in solar cells a broad range of publications exists and in [21] an overview on the integration of metallic nanoparticles in silicon and organic devices is given. In [4] we have recently investigated typical nanoparticle configurations for CIGSe solar cells in comparison to other solar cell structures. The literature review on integration of various nanostructures in CIGSe solar cells will follow in section 4.
3. CIGSe solar cell and nanoparticle tuning
CIGSe solar cell fabrication
There are numerous articles describing the fabrication and optimization of Cu(In,Ga)Se2 solar cells. These results shall not be reviewed here, but the general device structure and growth methods of the individual layers introduced to facilitate the understanding for possible -or not possible -integration options of nanostructures for light management. For further preparation details the reader is referred to the wide literature which has e.g. been reviewed and referenced in [22] . CIGSe solar cells are usually grown in substrate configuration on glass or alternatively on a flexible substrate like polyimide foil. Superstrate configurations, i.e. the growth of layers in inverted sequence as compared to the following introduction, have been tried, yet due to degradation of the buffer, which in this case is deposited prior to the absorber, have not proven very successful. The common back contact is a several 100 nm thick layer of Mo deposited mostly by sputtering. Mo is distinguished by its excellent conductivity and high stability also in subsequent high temperature processes. It is assumed to form an ohmic contact with CIGSe via a thin MoSe2 layer emerging during the absorber growth. A drawback of Mo is its poor reflectivity, yet finding alternative metallic back contacts is challenging since no interdiffusion with CIGSe may occur and a good contact formation is required. Transparent conductive oxides (TCOs) like SnO2:F (FTO), In2O3:Sn (ITO) or In2O3:H (IOH) are however alternatives for back contact materials. They can also allow for rear side illumination of the device, giving rise to a sometimes called "backwall superstrate" configuration with rear illumination but no inversion of the layer growth sequence. When growing on TCO back contacts it has to be considered that additional Na, usually in form of NaF, needs to be provided for the formation of high quality CIGSe material. Na, which in the standard configuration diffuses from soda lime glass through the Mo back contact, is well known to support the CIGSe grain formation. Recently also KF has gained significant importance for further efficiency enhancement via increased voltages. The most crucial deposition step in the device fabrication is the growth of the absorber itself. We can distinguish two major approaches for CIGSe absorber growth which also find application in production: the coevaporation and the sequential process. The first one can be conducted in various ways, reaching from a one-step coevaporation of all elements simultaneously over a bilayer, or often called "Boeing process", to the very common 3-stage process of In-Ga/Cu/In-Ga deposition in selenium excess. Multi-stage processes allow to go through a Cu-rich phase which benefits the grain growth and also facilitates fabrication of graded layers. Common to all these coevaporation processes is that they need to be conducted at elevated temperatures of 400-600°C held for times in the order of an hour (strong variations may occur depending on lab scale or industrial processes). In contrast, the sequential process can achieve much shorter times at elevated temperatures. The metals Cu, In and Ga are provide as a precursor stack which is subsequently selenized with elemental selenium or H2Se at temperatures of 400-600°C as well, yet within times of the order of minutes. Furthermore, such a two-step process also finds application in alternative fabrication approaches where the metal precursor is fabricated e.g. by electrodeposition or from nanoparticle-based solutions/inks. The standard final absorber thickness is 2-3 µm. The intrinsic p-type CIGSe absorber is then combined with a so called "window layer" comprising most commonly CdS/i-ZnO/ZnO:Al. Among others, the wide band gap CdS buffer layer helps to improves the band alignment and together with the intrinsic ZnO layer levels out inhomogeneities of the absorber, thus reducing electrical losses. CdS with a thickness of 50-100 nm is generally formed by chemical bath deposition, a solution based non-vacuum process. Therefore, and in order to replace Cd, alternative buffer layers and according in-line compatible fabrication processes were considered leading to Zn(O,S), ZnMgO or In2S3. Intrinsic ZnO is deposited next with a thickness of 50-200 nm, generally by sputtering. Finally follows ZnO:Al (AZO) with a thickness of at least 100 nm, in modules of several 100 nm. AZO is the common n-type semiconductor used to complete the pn-junction; an alternative is ITO, or recently also IOH. This highly doped TCO is usually sputtered at room or maximum slightly elevated temperatures < 200°C are used in order to avoid damage of the CdS buffer layer and its interdiffusion with CIGSe. Ni/Al grids are added to the solar cells for front contacting. In summary of the CIGSe solar cell fabrication processing, the following points are important to remember when later discussing the integration of nanostructures:
• The absorber growth happens at elevated temperatures of 400-600°C held -depending on the process -for several minutes to hours.
• The front contact is formed by a multilayer system comprising usually CdS/i-ZnO/AZO with a total thickness of at least 200 nm.
• The buffer layer CdS is sensible to high temperatures as degradation and diffusion may occur above 200°C.
• The back contact layer also has to meet thermal and chemical requirements as it experiences the high temperatures during the absorber deposition.
Performance of ultra-thin CIGSe solar cells
As early as 1988 Birkmire et al. [23] investigated the influence of CuInSe2 absorber thickness reduction on the solar cell performance. At that time already bromine etching of chalcopyrite absorbers as a means of thickness and surface roughness reduction was reported. Down to an absorber thickness of 1 µm no major losses in open-circuit voltage and light generated currents (when corrected for the changed reflection) were observed. In 1998 Negami et al. [24] investigated the effect of Cu(In,Ga)Se2 absorber thickness by reducing the deposition time of a 3-stage process. Whilst still obtaining a good performance for 860 nm absorber thickness, there was a serious breakdown for the devices with 470 nm, which was attributed to the high surface roughness getting in the order of the absorber thickness. At about the same time the group of W. Shafarman in Delaware started to look in detail into ultrathin CIGSe absorbers. A first drop in efficiency and related solar cell parameters open circuit voltage VOC, short circuit current density jSC and fill factor FF has been observed around 1 µm absorber thickness [25] . Further studies of continued thickness reduction were performed comparing thin as-deposited to etched absorbers [26] . Differences in surface roughness arose and a stable FF for etched absorbers of reduced thickness compared to a drop for as-deposited ones resulted. jSC for the two types of samples followed the same trend of reduction with decreasing absorber thickness. A major benefit of ultra-thin CIGSe solar cells could be demonstrated in the so called "backwall superstrate configuration" where the cell is illuminated through the glass substrate and a transparent back contact [27] . In this configuration parasitic losses from the front contact layers, in particular CdS, can be reduced and a back reflector used. Yet, light incidence from the absorber side opposing the pn-junction requires thin absorbers due to limited minority carrier lifetimes and diffusion lengths. Therefore, ultra-thin absorbers (d ≤ 500 nm) outperform thick ones in such backwall superstrate devices. 8.8% efficiency were achieved for 430 nm absorber thickness in backwall superstrate (using a Ag backreflector) compared to 6.6% in regular substrate (with Mo back contact) configuration. The growth of ultra-thin CIGSe absorbers by reduction of deposition time has also been investigated by other groups. At NREL for example Ramanathan et al. [28] used the codeposition and the 3-stage process to obtain efficiencies of 12.6% for 600 nm and 9.1% for 400 nm absorber thickness, respectively. Detailed analysis revealed both an increasing carrier and defect density with decreasing absorber thickness, which may lead to the lower VOC. The question of VOC and FF reduction for thinner absorbers has been and still is a central point of investigation pursued by various groups. Generally, a reduction in jSC, resulting at least from incomplete absorption, is obviously expected. As to VOC and FF different observations have been made. Often VOC is mostly unaffected, except for a loss corresponding to the reduction of jSC according to the diode equation
with the diode quality factor A and the saturation current density j0, as well as the Boltzmann constant k, the electron charge e and the temperature T. Yet, FF often reveals a stronger decrease which can be attributed to enhanced back recombination in the ultra-thin devices. This effect has been extensively studied since 2003 by a group in Uppsala, comparing e.g. graded and non-graded samples. A high back Ga gradient is known to reduce the back recombination by repelling electrons and was proven beneficial for ultrathin devices by leveraging the losses in FF down to 500 nm absorber thickness [29] . Electrical investigations also revealed an increased saturation current I0, which is governed by recombination, an increased diode quality factor A, pointing towards enhanced tunneling recombination, as well as a decreased shunt resistance Rsh. The reduced bulk recombination of ultra-thin absobers is therefore clearly counteracted by an increased interface recombination. Best efficiencies obtained by this group exploiting a back Ga gradient were 12.1% for 600 nm [29] and 9.5% for 300 nm absorber thickness [30] , the latter using Zn(O,S) as a buffer which reduces parasitic losses as compared to CdS. Further back contact passivation was obtained by point contacts, which will be discussed in more detail in sec. 4.4, resulting in a maximum efficiency of 13.5% for a 385 nm thick absorber. Detailed electrical calculations for the potential of ultra-thin CIGSe solar cells were for example performed by Gloeckler et al. [31] . The above introduced early approach of ultra-thin CIGSe preparation by bromine etching of standard thick absorbers is still followed nowadays in the investigations of a group in France (IRDEP, CNRS). By this approach high quality absorbers (with an even increasing VOC resulting from the change in band gap upon removal of surface layers) are obtained showing an efficiency of 10.3% for 500 nm absorber thickness [32] . These absorbers can serve as a basis for light trapping concepts, which on the micro-/macroscale include front ZnO texturing, replacing CdS/iZnO by less lossy ZnS/ZnMgO and the badly reflecting Mo back contact by Au [11] . The latter optimization step could be reached experimentally by a layer transfer of the ultra-thin absorber to the Au contact, showing high reflectivity and formation of an ohmic contact [33] . The fact that the CIGSe absorber is not grown directly onto the Au contact originates from the challenge of avoiding diffusion of back contact metal during the high temperature absorber deposition process. Most of the above described ultra-thin absorbers were grown without alteration of the standard growth process conditions (except for deposition times). Yet, an adaptation of the processes to the device thickness can be a key to higher efficiencies. By optimizing rapid thermal processing of metal precursor stacks for ultra-thin absorbers, Kim et al. [34] could achieve elemental depth distributions comparable to the thick devices. This resulted in effiencies as high as 13.7% for 500 nm and 9.1% for 250 nm absorber thickness compared to a reference value of 14.0% for 1.9 µm thickness. We recently adapted the 3-stage PVD process for ultra-thin absorbers reducing the substrate temperature from 610 to 440°C which resulted in a high back Ga gradient and processing temperatures better compatible with the addition of nanostructures. Using this adapted process an increase of efficiency from 9.0% to 10.6% for a 460 nm thick absorber was reported [35] . Subsequent higher efficiencies and an increase to 12.3% followed upon integration of dielectric nanostructures [36] , which will be detailed in sec. 4.3. [28, 30, 33, 34, 36] .
Nanostructure fabrication and compatibility with CIGSe solar cells
For the preparation of nanostructures a variety of physical and chemical methods exists leading to either random or regular arrangements. A good overview on various fabrication methods is given in [21] , which is summarized in the following with an eye on nanostructure control and compatibility with CIGSe solar cell fabrication. A very easy, scalable and in-line compatible fabrication approach is the thermal growth of mostly Ag nanoparticles by evaporation of a thin metal film and subsequent annealing. Typical Ag film thicknesses are d = 5 -25 nm, annealing times t = 10 -60 min and annealing temperatures T = 200 -500°C [37, 38] . By adjusting these parameters, nanoparticle size, shape and density as well as polydispersity can be tuned, mostly by d, t and T, respectively, yet not completely independently. Nanoparticles with diameters above 100 nm suitable for efficient scattering can be obtained, but they are often accompanied by smaller particles and coverage generally remains high. Thermal growth was one of the initial approaches reported for Ag nanoparticle integration into Si solar cells [39] . When considering the integration into CIGSe solar cells, it however has to be considered that Ag nanoparticles on the back contact will diffuse into the absorber during its high temperature deposition process (and require passivating layers, see sec. 4 
.2). On the other hand, temperatures above 200°C applied for Ag nanoparticle preparation on top of the finished
CIGSe solar cell may trigger diffusion of the buffer layer. A vacuum-free approach separating high temperature preparation steps from the nanoparticle integration goes via chemical synthesis followed by casting methods. Au or Ag nanoparticles can e.g. be obtained by reduction of HAuCl4 with Na3-citrate [40] or AgNO3 with NaBH4 [41] . Seed mediated growth enables an increased control over nanoparticle size and shape [41, 42] which can be adjusted prior to the deposition on the device. Subsequent casting methods include dipping, drop casting or spin coating and enable separate control over particle density. Nanoparticle sizes reached by chemical synthesis are generally smaller than those obtained by physical growth since for larger particles stabilization in solution and avoidance of clustering become challenging. The solvent is the most critical parameter to be considered for nanoparticle integration into the device, yet as it is mostly water or ethanol, this is well compatible with CIGSe solar cells. For the integration adjacent to the absorber layer, a passivating oxide shell is favorable and it is easily accessible in the chemical route as well, see e.g. commonly used Au nanoparticles with SiO2 shells [43] . Two further approaches for nanoparticle formation via chemical processes are spray pyrolysis and electrodeposition. In spray pyrolysis, both metallic [44] and dielectric nanoparticles [45] can be grown from precursor solutions that are nebulized and deposited onto a heated substrate. The nanoparticles form directly on the substrate, unifying nanoparticle growth and deposition in a single process step, yet with improved control over size and density. Recently, a low temperature process for deposition of Ag nanoparticles from Ag(hfacac)PMe3 (hfacac: hexafluoroacetylacetona) precursor was shown with substrate temperatures as low as 80°C [46] . The solvent involved is just ethanol and compatible with CIGSe solar cells. In the other approach of electrodeposition, the sample is immersed into an aqueous solution containing amongst other components e.g. NaAuCl4 for Au [47] or Zn(NO3)2 for ZnO formation [48] . Then an electrochemical potential is applied between the sample and a counter electrode to trigger the nanostructure formation. Particles as well as nanorods are accessible and the variation of parameters like concentration, temperature, potential or deposition time allows control over dimensions. A drawback of the electrochemical route is the non-negligible interaction with the CIGSe solar cell which reflects e.g. in stunted growth of ZnO nanorods on top of Ni/Al front contact grids or difficulties in growing CIGSe onto ZnO nanorod coated substrates [49] . Finally, also methods like colloidal/nanosphere lithography or block copolymer lithography are solution based. They offer the great advantage of preparing ordered structures in a simple, scalable and low cost approach. In nanosphere lithography, mostly polystyrene (PS) or poly-(methyl methacrylate) (PMMA) beads are dispersed as a monolayer on the substrate by e.g. dip coating, spin coating or immersion. This mask -as it is or with nanosphere sizes adjusted via plasma or reactive ion etching -can then be used in various ways for nanostructure formation. The most popular routes are: deposition of the nanoparticle material onto the mask followed by lifting off the beads; deposition of resist onto the beads before lifting them off and deposition of nanoparticle material onto the resist prior to its removal (resulting in the negative of the structure obtained by the previous route); etching of material in between the mask and lifting off the beads afterwards [50] . Depending on the approach, this method gets by with simple solvents like water, ethanol, butanol and low concentrations of acids as well as with etching processes that do not negatively interfere with CIGSe solar cell structures. Therefore, nanosphere lithography offers an easy and compatible approach for ordered nanostructure formation with good control over size, shape and density via adequate choice of bead size and tuning of nanoparticle material deposition. Block copolymer lithography expands the flexibility for nanostructure fabrication based on a combination of two dissimilar polymer chains linked together and assembling in various morphologies, the one of which can be etched more easily than the other [51] . The increased complexity of formation and etching procedures may however bring challenges for integration into CIGSe devices. The full control over the nanostructure geometrical properties is achieved by conventional lithography techniques. Electron or ion beam lithography enable patterning or direct writing [52] of high resolution nanostructures. Yet, as they are expensive, small scale and may also impact the solar device, they are instead of direct application rather used for the fabrication of molds. In nanoimprint lithography these molds are then stamped into a layer of resist which on its turn is used to generate nanopatterns [53, 54] . As in nanosphere lithography there are various options, like: deposition of the nanostructure material on top of the patterned resist followed by lifting off the resist; deposition of resist and patterning on top of a metal layer followed by etching of material in between the resist prior to its removal; usage of the patterned resist itself as a nanostructure or overcoated with additional material. The resist, etching and lift-off solvent can be chosen to be compatible with CIGSe solar cell structures, i.e. by using PMMA/solgel as a resist, reactive ion etching and aectone for lift-off [36] . Thus, nanoimprint lithography is a promising approach for generating well-controlled nanostructures and at the same time it is an easy and scalable method. To illustrate nanoparticles obtained by different growth methods, fig. 6 depicts two examples of Ag nanoparticles. The particles in fig. 6a ) were fabricated by thermal growth from a 20 nm thick Ag film annealed at 500°C for 20 min, revealing spherically and ellipsoidal nanoparticles with size and density variation. A much more regular arrangement and uniform particle size is obtained by nanosphere lithography: fig. 6b visualizes the result of evaporating a 35 nm thick Ag film onto a 909 nm diameter PS sphere mask and annealing the Ag triangles remaining after template removal at 320°C for 20 min to form spherical particles. In summary of the nanostructure fabrication processes, the following points need to be taken into account when considering the integration into CIGSe solar cells:
• High temperature processes (T > 200°C) for nanostructure formation are detrimental when applied to the finished CIGSe solar cell.
• Metal nanostructures integrated prior to the high temperature CIGSe deposition require passivation by a dielectric spacer.
• Nanoparticle growth involving chemical processes should use simple solvents like water, ethanol or butanol to avoid influences on CIGSe solar cells.
• Etching processes (physical or chemical) have to be chosen carefully as well. 
Effects of nanostructures in CIGSe solar cells 4.1 Intrinsic texturing
The wording intrinsic texturing implies texturing of one of the layers the basic CIGSe solar cell stack consists of. This approach may be a cheap way to introduce nanostructures whilst avoiding to add an additional material related to a further deposition step and possible challenges of compatibility with the other solar cell layers. The investigations of texturing the different layers include various theoretical calculations but a few experimental results exist. Sec. 2.2 already mentioned the example of front ZnO texturing smoothening the interferences and hence increasing the tolerance for layer thickness variations [9] and overall reducing reflection [10] . Similarly, photonic structuring of the front (here) ITO layer was identified by Adreani et al. to improve the anti-reflection behavior by better impedance matching at the air/ITO interface [55] . Fig. 7a gives the example of this structures with -according to the sketch on top -dimensions in the range of 100-300 nm. The short circuit current density is expected to show a comparable increase for all investigated absorber layer thicknesses (bottom graph), confirming the antireflection behavior. Yet, no coupling of light via photonic modes to the absorber was mentioned in this context. Also when texturing the CdS layer (and the ZnO layer following exactly the same shape) the major effect identified by Hwang et al. [56] was reduced reflection. Comparing conic, parabolic and quadratic shapes, they found the first ones to be most promising and an aspect ratio of 3 (height to base radius) resulted in the minimum reflection of 1%. These structures outperformed the standard MgF2 anti-reflection coating in particular as far as angular tolerance was concerned. Grating texturing of the rear contact (and subsequently all other layers) was simulated by Onwudinanhti et al. and the excitation of guided modes inside the absorber observed [57] . In contrast to the previously mentioned front contact textures, dimensions in the range of 2 µm pitch and 0.5 µm height were discussed here. For reduction of parasitic absorption in Mo, TCO back contacts were chosen and the overall optimized structure outperformed the planar thick reference even for 600 nm absorber thickness. As far as the above mentioned literature results for front or rear contact textures are concerned, planar CIGSe solar cells served as starting point for extracting realistic refractive indices of layers. The texturing however was only investigated in simulation and therefore the experimental challenge of fabrication processes compatible with CIGSe solar cells has not been addressed. In contrast, the following examples of absorber texturing were confirmed experimentally, pointing out in the first case also the challenges related to fabrication of optical nanostructures: By applying ion-beam milling to CIGSe, nanotip arrays can be obtained. As Liao et al. revealed in [58] the process however leads asides to nanostructure formation also to compositional changes and alteration of surface states. A resulting improvement in solar cell performance can thus not directly be related to an improved anti-reflection behavior as stated previously [59] but rather to the changes in composition and correlated electronic effects. In another example, Wang et al. formed microdome and microhole arrays (MDAs/MHAs) in CIGSe layers using an agarose stamp replicated from a Si template [60] . The stamp was soaked with bromine solution and applied either directly (MHAs) or with additives (MDAs) to the single-step sputtered CIGSe for local etching. Field localization and enhanced carrier generation have been identified from simulations most pronouncedly for the MDAs, compare the top part of Fig. 7b where electric field intensity, absorption, carrier generation rate and resulting photo-generated current are shown. The performance improvement by MHAs and MDAs was also proven experimentally for an approximately 2 µm thick CIGSe layer as depicted in Fig. 7b bottom part and 11.22% efficiency obtained for the sample with MDAs. For thinner absorbers, the improvement with absorber texturing was found to be even higher. Furthermore, Wang et al. [61] have -again theoretically -investigated texturing the CIGSe absorber to nanograting strips deposited on a Ag layer and covered with another thin Ag stripe. This concept already provides the transition to the following sub-section on plasmonic structures and therefore shall be mentioned at the end. Setting asides for the moment all the challenges that will arise when trying to form a device, i.e. forming a pn-junction and avoiding diffusion of Ag into the absorber, the structure is very interesting from light trapping point of view. Whereas at some wavelengths (e.g. 490 nm, see top part of Fig. 7c ) the Ag top contact is highly reflective, avoiding light to enter the absorber, there exist wavelengths (e.g. 940 nm, bottom part of Fig. 7c ) where light is efficiently trapped inside the semiconductor grating of the sandwich structure, boosting the absorption in CIGSe. The exploitation of surface plasmon polaritons for coupling of light inside the absorber layer links to the application of metallic nanoparticles for absorption enhancement. 
Metallic nanoparticles
Following the above introduced CIGSe nanograting strips, the dual grating structure proposed by Le et al. [62] shall be mentioned: both a Ag bottom and a CIGSe top grating were considered, leading to an extended numerical optimization problem which promises a theoretical improvement of jSC by 24% for optimized parameters and averaged polarization. Field localization at the Ag/CIGSe interface as well as waveguide modes were identified for the 40 nm thick CIGSe absorber. In [63] Colin et al. showed simulations of a metal-semiconductor-metal structure based on a more realistic CIGSe solar cell stack where also the n-type window layers (in particular CdS) are considered and the Ag nanopattern is embedded in the front ZnO. To address the diffusion problem of the rear Ag into the absorber layer, an additional ZnO:Al layer was introduced in between the planar Ag film and CIGSe -an approach which may be feasible in case of substrate transfer. The structure with optimized dimensions as shown at the top of Fig. 8a was identified theoretically to give rise to an 80% increase in photocurrent for a 100 nm thick CIGSe layer. The absorption improvement as compared to the planar reference with Mo back contact and 400 nm ZnO:Al window layer is visualized in Fig. 8a bottom part. By adding metallic structures to the front of the solar cell, reflection losses can never be completely eluded, compare Fig. 7c top part and also Ref. [4] . Thus, the arising reflection together with parasitic absorption losses need to be balanced carefully against benefits resulting from light coupling and scattering. A similar observation was made by Jeng et al. [64] who added Ag and Au nanoparticles of sizes above 100 nm to CIGSe solar cells by spin coating. The highest efficiency enhancement (2.3%) was found for the lowest nanoparticle concentration (1%), underlining the trade-off between metal shadowing and scattering. The difference in enhancement as compared to a similar series on multi-crystalline Si solar cells was attributed to variations in surface roughness and absorber refractive index. A direct contact of the nanoparticles with the absorber layer is beneficial to exploit additional nearfield effects. Sputtering of Au nanoparticles onto sequentially processed CIGSe performed by Park et al. [65] was observed to lead to a CIGSe/Au nanocomposite layer with improved absorption. An immediate impact of the nanoparticles on the CIGSe absorption in the solar cell cannot be deduced from this experiment but was investigated by Londhe et al. [66] applying chemically synthesized Au nanoparticles by dip coating to electrodeposited CIGSe in a superstrate configuration. The observed increase in jSC was attributed to nanoparticle scattering despite the best performance was observed for the densest nanoparticle coverage. As proven by Chen et al. [67] , 10 nm Au nanoparticles sprayed by air-brush onto inkjet-printed CIGSe could significantly enhance the efficiency from 8.31 to 10.36%, compare Fig. 8b bottom part. The solar cell structure is depicted on top and the position of the small nanoparticles right inside the pn-junction was correlated to enhanced field localization leading to both optical and electrical benefits: not just improved absorption and charge carrier generation are expected but also improved carrier extraction and thus reduced recombination. On the other hand, metallic nanostructures inside the pn-junction could be expected to constitute additional recombination centers. Therefore, and to avoid reflection losses plus reduced those originating from parasitic absorption, an insertion of nanoparticles underneath the CIGSe layer may be favored. To avoid direct diffusion of in particular Ag into the CIGSe absorber a TCO back contact can be exploited as a spacer layer. In [68] we have shown the expected benefits for such a configuration and revealed in [69] that Ag nanoparticles underneath an In2O3:Mo layer may persist after rapid thermal processing for CIGS absorber formation. For improved stability also in the case of a longer high-temperature CIGSe growth process, the addition of an ALD-coated Al2O3 layer was introduced (ALD: atomic layer deposition). In [70] we prove that the structure as depicted in Fig. 8c top part avoids any diffusion of Ag and can constitute a promising nanostructured back reflector for CIGSe solar cells. The measured absorption enhancement shown in the bottom part of Fig. 8c could partially be attributed to absorption inside CIGSe as deduced from optical simulations of this structure.
As an alternative to passivate the nanoparticles, an absorber layer transfer may avoid the metallic nanostructures having to withstand a high temperature absorber deposition process. [70] , Copyright (2015) , with permission from Elsevier).
Dielectric nanostructures
The challenges of metallic nanoparticles related to parasitic absorption losses and instability during high temperature processes can be overcome by the use of dielectric structures which are absorption-free and in case of inorganic materials highly stable. Since light coupling via whisphering gallery modes from large nanospheres has successfully been proven for other types of solar cells [72] we investigated SiO2 spheres on top of finished CIGSe solar cells [73] . Resonant excitation was observed for spheres of 600 nm diameter, compare the top part of Fig. 9a , but the thick front contact layers of the CIGSe solar cell prevent efficient coupling to the absorber. Thus, smaller spheres of approximately 100 nm diameter turned out more beneficial, acting as efficient anti-reflection coating, see the broadband EQE improvement in Fig. 9a bottom part. This behavior can be compared to the anti-reflection effect of the intrinsic front TCO texturing mentioned in sec. 4.1: in contrast to this structure the dielectric nanospheres require additional material, which however can be chosen to be very cheap and completely free from parasitic absorption. Furthermore, self-assembly is an easy, CIGSe-compatible and scalable method, as well as nanoimprint lithography, which can equally be applied. Using the latter approach we also investigated TiO2 nanoparticles on top of finished CIGSe solar cells and confirmed anti-reflection to be the main benefit [36] . ZnO nanorods were investigated by Aé et al. [74] as antireflection coating for CIGSe solar cells and an enhancement in jSC of 5.7% relative was found. As deduced by Ohm et al. [49] , asides the jSC increase, the applied method of electrodeposition for ZnO nanorod growth may however also have negative effects on VOC and FF and the time in the chemical solution should be minimized. Using the ZnO nanorods underneath CIGSe in a backwall superstrate configuration or even bifacial solar cell was investigated as well. Yet, the CIGSe growth by coevaporation on top of the ZnO nanorods lead to interdiffusion and formation of interface states even at low deposition temperatures. Therefore, highly stable and chemically inert dielectric materials may be preferred for rear-side integration into CIGSe solar cells. Due to their high chemical stability, SiO2 nanoparticles can without any concerns about diffusion be integrated at the rear of the CIGSe solar cell and in direct contact with the absorber layer. Fig. 9b shows an example of such a structure with conformal overgrowth of layers on top of nanoimprinted particles (top) and the resulting EQE enhancement corresponding to 2.3 mA/cm 2 jSC increase (bottom) [36] . An efficiency of 12.3% was obtained for the 460 nm thick absorber. The remaining losses could largely be attributed to parasitic absorption in the Mo back contact so that in a next step we investigated the SiO2 nanoparticles on top of a TCO back contact [75] . Losses in the back contact were significantly reduced and transmitted light could be reflected back into the solar cell structure by a Ag mirror deposited at the rear of the glass substrate, thus preventing any diffusion issues of Ag. A comparison of these ultra-thin (390 nm absorber thickness) CIGSe solar cells to the world record device from [76] yielded 93% of the short circuit current density. Asides optical effects of the nanoparticles leading to coupling into waveguide modes, also electrical benefits were identified and related to a reduced back barrier and thus improvement of the generally poorly performing CIGSe/ITO contact. Combined optical and electrical benefits from dielectric nanostructures were further addressed in [77] and [78] where instead of nanoparticles networks were investigated that originated from filling the spaces in between self-assembled nanospheres, compare the structure in Fig. 9c top part. These networks or nanomeshes revealed a broadband EQE enhancement corresponding to 4 mA/cm 2 short circuit current density as given in Fig. 9c bottom part. It was partially ascribed to light coupling and to some extend to reduced interface recombination resulting from the emerging point contact structure. The exploitation of electrical on top of optical effect is a major direction for the further development of nanostructures in CIGSe solar cells and therefore point contact schemes will be addressed in the following sub-section. [77] , with the permission of SPIE.).
Point contact schemes
As mentioned above, dielectric nanostructures directly underneath the CIGSe absorber may asides their photonic effects also lead to reduced interface recombination. The influence of reduced contacting area or point contact schemes was investigated from an electrical point of view in detail by Vermang et al. In [80] they proposed the formation of a passivation layer with point openings via the deposition of CdS nanoparticles, overcoating with Al2O3 and subsequent removal of the nanoparticles. The point contact diameter was in the range of a few hundred nm and the spacing of the order of few µm allowing for complete carrier collection. Al2O3 was chosen due to its excellent passivation properties resulting from a high density of negative charges. In addition to the electrical effects of reduced interface recombination also an improved rear surface reflectivity was identified which could be further improved by choosing a MgF2/Al2O3 bilayer with only a thin Al2O3 layer providing the required electrical interface properties [81] . The application of the Al2O3 passivation layer conjoint with scattering Mo nanoparticles to ultra-thin CIGSe solar cells was shown in [82] (see Fig. 10a ) and 8.8% efficiency obtained for a 380 nm thick CIGSe absorber with single-graded Ga content. A separate investigation of microstructured MgF2 and Al2O3 layers as back contact passivation was performed by Casper et al. [83] and significant improvement observed even for point contact spacings in the order of 10 µm. The idea of point contacting schemes goes back to Si passivated emitter rear cells (PERC) and thus even prior to the investigation of back surface passivation of CIGSe cells, a similar point contact scheme has been proposed by Allsop et al. [84] for the front CdS/CIGSe interface, see Fig. 10b . In a theoretical investigation, point openings of a few nm radius were identified most beneficial and the spacing chosen in the µm-range. 5% absolute efficiency increase were expected for the interface passivating point contact structure compared to the planar reference. A proof of concept for the front interface passivation by nanostructures was given by Fu et al. [45] using ILGAR-deposited ZnS nanoparticles for passivation and a In2S3 buffer layer on top (ILGAR: ion layer gas reaction). This structure outperformed both the In2S3 reference without ZnS nanodots as well as the standard CdS buffer layer. When investigating point contact structures interface defect density, recombination paths and band alignment have to be considered carefully. These electrical properties add to the optical considerations when a joint concept is aspired and will give rise to many interesting structures for further research. Additionally benefiting from chemical changes that may occur with nanostructure formation, an extended space of optimization is opened. Recently, Reinhard et al. [85] have proposed the selfassembled alkali-salt method to introduce nanostructures on CIGSe or as template for other materials. Since the introduction of alkali salts is also a key for efficiency enhancement when growing CIGSe, coupled effects emerging from material and interface changes and nanostructure formation are to be expected. Thus for the future, combined optical, electrical and chemical effects may play an important role when investigating nanostructures in CIGSe solar cells. [82] , with permission from Elsevier.), b) proposed point contact structure for CIGSe/CdS interface (Reprinted from [84] , with the permission of AIP Publishing.).
Discussion and outlook
Many of the above summarized results on nanostructure integration into CIGSe solar cells for light management were of theoretical nature. Therefore, challenges arising from fabrication had not to be dealt with. In this perspective, also metallic nanostructures integrated directly adjacent or even underneath the absorber layer appear promising. Looking at the experimental realization however, metal stability and interdiffusion are serious concerns and means of passivation are required.
Furthermore, parasitic absorption of metal nanoparticles will always remain an inevitable challenge. For direct integration with the absorber layer and most effective exploitation of photonics effects, dielectric nanostructures may be favorable. They are free from parasitic absorption and can be chosen from highly chemically stable materials grown in processes compatible with CIGSe solar cells. An overview on integration of metallic and dielectric nanoparticles at front and rear interfaces of CIGSe solar cells considering both theoretical expectations and stable experimental realiziation was given in [4] . On the other hand, purposeful changes in chemical properties arising from nanostructure integration may be desired when aiming at improvement of interface states. Considering in addition point contact schemes, leading to reduced interface recombination, dielectric structures are highly promising for future investigations of combined optical and electrical effects. Several of the cited nanooptical concepts can equally be applied to standard and ultra-thin CIGSe solar cells. This relates in particular to schemes aiming at reduced front interface reflection. Increased rear contact reflectivity in contrast becomes of interest for ultra-thin devices only as does improved light localization and trapping inside the absorber layer. It shall however be mentioned that in case of poor quality absorbers with incomplete absorption even for thick solar cells, light trapping schemes may equally be required. Therefore, nanostructured light control is beneficial for cost reduction in a double sense: firstly for cheap absorber fabrication processes resulting in insufficient absorption due to poor material quality and secondly for ultra-thin absorbers saving material in layers of less than 500 nm thickness which asides incomplete absorption show good optoelectronic properties. In perspective of the overall aim of highest efficiency at lowest cost, a minimum amount of high quality material paired with sophisticated nanostructures for efficient photon and electron management is desired.
Summary
In this review nanostructures for light management in chalcopyrite (CIGSe) solar cells were addressed. After presenting the losses in absorption occurring for CIGSe layer thicknesses below 1 µm, micro-/macroscopic concepts for light management were compared to nanoscopic approaches. Reduction of front and increase of rear interface reflection can be achieved whereat nanostructures additionally amplify lateral light coupling and thus most efficient localization of electric field inside the absorber. The subsequent representation of CIGSe solar cell and nanostructure fabrication aimed at giving a guideline for the development of nanostructures and their integration for light management in CIGSe solar cells. A section was added to review the performance development of ultra-thin CIGSe solar cells as these are the devices that will on the long run fulfill the aim "less material, higher efficiency". The central review on nanostructures integrated into CIGSe solar cells revealed many theoretically and some experimentally promising concepts including intrinsic texturing, metallic nanoparticles and dielectric nanostructures. As discussed in the previous section, challenges arising from experimental realization reduce the amount of feasible configurations. Yet, also purposeful changes in material properties and the combination of optical and electrical benefits may be of interested for further research. For the future development of innovative nanostructures for highly efficient CIGSe solar cells the reader shall be inspired by the current state-of-the-art and guided by the experimental conditions arising in practical realization.
